IMPORTANCE Risk of stroke and brain atrophy in later life relate to levels of cardiovascular risk in early adulthood. However, it is unknown whether cerebrovascular changes are present in young adults.
invitation from local birth cohort studies, and invitation from the Oxford University Hospital Hypertension Service. Strategies were designed to recruit adults with a heterogeneity in risk factors known to be present in young adult populations including traditional risk factors, such as hypertension, and more novel factors such as gestational age at the time of a person's birth. Participants were excluded if they had previous cardiovascular or cerebrovascular events, renal dysfunction, or metabolic disease including diagnosis of familial hyperlipidemia. Participants with secondary causes of hypertension such as renal vascular disease, vascular anomalies, or adrenal dysfunction were excluded following assessment at the Oxford University Hospital Hypertension Service.
Cardiovascular Risk Assessment
Participants attended a research clinic in the morning after a 12-hour fast to complete a detailed cardiovascular risk assessment (Supplementary Data eMethods 1 in the Supplement). Measurements included body size; fasting blood samples for total cholesterol, high-density lipoprotein, low-density lipoprotein, triglycerides, highly sensitive C-reactive protein, glucose, and insulin levels; clinic and 24-hour blood pressure; and peak oxygen uptake and exercise blood pressure (from cardiopulmonary exercise testing). In addition, participants completed a detailed lifestyle questionnaire and had 7 complete days of objectively measured physical activity. Post hoc, participants were assessed for a cardiovascular score based on 8 modifiable risk factors, with 1 point awarded for each healthier category of a modifiable risk factor according to the following criteria: body mass index (BMI) less than 25; highest tertile of cardiovascular fitness and/or physical activity; alcohol consumption of less than 8 drinks/week; nonsmoker for more than 6 months; blood pressure on awake ambulatory monitoring lower than 130/80 mm Hg; a nonhypertensive diastolic response to exercise (peak diastolic blood pressure <90 mm Hg), total cholesterol level lower than 200 mg/dL; and fasting glucose level lower than 100 mg/dL. The score was adapted from established cardiovascular health scores to include alcohol consumption and dynamic exercise blood pressure response, as known independent risk factors for brain health. [18] [19] [20] The thresholds for healthy criteria were set to be consistent with recommended public health guidelines and existing literature.
diffusion tensor imaging (DTI), and time-of-flight (TOF) MR arteriogram (MRA) (Supplementary Data eMethods 2 in the Supplement). MR imaging was completed in the fasting state and prior to exercise testing. Complete acquisition and analysis methods are presented in the Supplement. T1-weighted images were processed using FMRIB Software Library (FSL) tools. 20 Brain vessel segmentation was completed on TOF MRA using previously described automated segmentation tools (eFigure 1 in the Supplement). 12, 16 Binary segmentations were used to determine vessel density, caliber, and tortuosity. White matter hyperintensity (WMH) lesions and associated volumes were segmented using the brain intensity abnormality classification algorithm (BIANCA); a fully automated, supervised method for WMH detection. 11, 22 BIANCA classifies image voxels based on their intensity and spatial features, where the intensity features were extracted from T2-weighted FLAIR, T1-weighted and DTI fractional anisotropy images; these images were generated using DTI tools, FSL topup, FSL eddy, and DTIFit. 20,23 WMH masks were manually segmented from 10 images to use as the training set for BIANCA; these were independently verified by a neurologist (T.S.) and radiologist (D.M.) blinded to participant risk profile. Lesion count was selected as the most sensitive outcome of white matter change in young adults in whom a single lesion, independent of volume, could be considered abnormal. 24 Minimum lesion size used in our analysis was 1 mm 3 . A subgroup of 52 participants also had multidelay vesselencoded pseudocontinuous arterial spin labeling (ASL), described in a previous protocol. 13 Cerebral blood flow and blood arrival time were estimated from ASL images using a previously described analysis pipeline. 13, 15 Gray matter masks were used to calculate the average cerebral blood flow after linear registration of the ASL MRI to the T1-weighted MRI data set.
Statistical Analysis
Recruitment was continued to 125 participants for an estima tedpo w erof90%a tP = .05 to identify a 0.70-SD difference in vessel density, vessel caliber, and white matter lesion count between lowest and highest cardiovascular risk tertile groups. ASL MRI was added during the course of the study to provide a subgroup of 52 participants, recruited sequentially for an estimated 80% power to detect a 10% difference in cerebral blood flow.
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Existing literature on risk predictors of brain health was used to define an a priori set of potential correlates of MRI brain health in young adults. 4, 9, 18, 19, 21 These were grouped as (1) nonmodifiable, including age, sex, gestational age at birth, and (2) modifiable, including systolic blood pressure, BMI, peak exercise capacity (oxygen uptake), peak exercise diastolic blood pressure, weekly vigorous activity level, alcohol consumption, smoking history, lipid profile, glucose and insulin resistance, and current hypertension medication. In a priori analysis, bivariable and multivariable analysis was completed to investigate correlation between the defined cardiovascular risk markers and brain imaging findings. In this multivariable analysis to reduce multiple testing and potential interaction between the variables, the model was restricted to a subset of variables (resting systolic blood pressure, BMI, vigorous physical activity level, alcohol consumption, and smoking). This model was adjusted for nonmodifiable factors including age, sex, and gestational age.
In post-hoc analysis, the individuals' combined cardiovascular score from across 8 risk factors was used as a metric of overall modifiable cardiovascular health. The relationships between the individuals' modifiable cardiovascular score and brain imaging findings were studied using linear regression adjusted for age and sex. Comparison between brain imaging findings was made between groups of participants in the lowest and highest tertiles for the cardiovascular score. The decision to use tertiles is based on evidence from longitudinal studies that observed that young adults in the lowest tertiles of cardiovascular fitness have an increased risk of stroke. 9 In addition, bivariable analysis was completed to investigate correlation between vessel morphology and white matter hyperintensity lesion count and in a subgroup (n = 52), blood arrival time and cerebral blood flow. These relationships were further investigated with fixed entry linear regression models adjusted for modifiable and nonmodifiable factors used in the models above.
Statistical analysis was undertaken using SPSS version 22. Normality of variables was assessed by visual assessment of curves. If normally distributed, results are presented as mean (SD) for continuous variables, otherwise median (interquartile range [IQR] ). For categorical variables, number and percentage are presented. Comparison between groups for continuous variables was performed with a 2-sided, independent-sample t test. All multivariable analysis was completed using forced entry linear regression with residual analysis completed to assess model assumptions. All multivariable analyses were adjusted for age and sex. All tests were 2-sided; P <.05 considered statistically significant with no adjustment for multiple comparisons. Due to multiplicity of testing all results were considered exploratory. Results are presented as point estimates and 95% CIs in units appropriate to the risk factor and brain imaging findings reported. Graphpad Prism 7 software was used for statistical figures, with mean (95% CI) presented.
Results
A total of 125 participants completed the brain MRI protocol and cardiovascular risk assessment study measures. Participants' mean (SD) age was 24.7 (5.0) years, 61 participants were women (49%), the mean (SD) gestational age at the time of their birth was 36.6 (4.3) weeks, 86 completed universitylevel education (68.8%), and 29 had a history of hypertension (of whom 21 were taking antihypertension medications) (16.8%) ( Table 1 ). The mean (SD) score of modifiable cardiovascular risk factors at recommended levels was 6.0 (1.4). The distributions of MRI brain outcomes between lowest and highest quintile of the respective measures are presented in eTable 1 in the Supplement. The 52 participants with available cerebral blood flow data had a comparable demographic Healthier categories on the modifiable cardiovascular score correlated with vessel morphology ( Table 3) . Each additional healthier category of risk factor was associated with a 0.3-vessels/cm 3 higher vessel density (95% CI, 0.1-0.5, P = .003) and 8-μm greater vessel caliber (95% CI, 3.0-13.0, P = .01). Similarly, WMH lesion count correlated with the cardiovascular score, with 1.6 fewer WMH lesions per additional healthier category of risk factor (95% CI, −3.0 to −0.5, P = .006). In addition, the cardiovascular score correlated with total volume of WMH adjusted for brain size, with 51-mm 3 a Vessel tortuosity was defined by the deviation from the shortest path between 2 points. This analysis was implemented by identifying the vessel end points and bifurcations, calculating the shortest path and the length of the actual center line between each 2 connected points. The final tortuosity was then calculated by the ratio and it was averaged over all vessel segments.
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JAMA August 21, 2018 Volume 320, Number 7 (Reprinted) jama.com P = .03). There was no significant correlation between blood arrival time and the cardiovascular scores (Table 3) . In multivariable analysis, controlling for modifiable risk factors (systolic blood pressure, BMI, vigorous physical activity, smoking, alcohol intake), blood arrival time and cerebral blood flow varied with cerebral vessel density, with each additional vessel per cm 3 correlating with a 0.015-second faster blood arrival time (95% CI, −0.03 to −0.002, P =. 02) and 3-mL/100 g/min increase in cerebral blood flow (95% CI, 0.7 to 5.4, P = .01). Vessel density was inversely correlated with WMH lesion count, with 1.5 fewer lesions per unit increase in vessel density per cm 3 (95% CI, to −2.7 to −0.4, P = .01) ( Table 4) .
Discussion
In this cross-sectional study, optimal status of modifiable cardiovascular risk factors in young adults was associated with differences in brain vessel structure and function as well as a lower number of WMH lesions. Higher vessel density correlated with both higher cerebral blood flow and lower WMH lesion counts.
To date, studies tracking changes in brain vascular measures have largely focused on the transition from middle age to older adulthood. Cerebral blood flow is estimated to decline over the life course 26 with risk of dementia in older adults being 2-to 3-fold higher in those whose cerebral blood flow is below 55 mL/100 g/min.
27 Vascular dementia has also been associated with lower vascular density in brains of adults who have an early diagnosis of disease.
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In the current study, young adults in the lowest tertile for the modifiable cardiovascular score had approximately 1-vessel/cm 3 lower vessel density and a mean value for cerebral blood flow of 55 mL/100 g/min, which is in the bottom 40% of the current study population. Therefore, the distribution of MRI findings observed in the current study raises the potential that some individuals may be starting to diverge to different risk trajectories for brain vascular health in early adulthood. Furthermore, levels of cerebral blood Brain Vessel Tortuosity R 2 = 0. 5 The longitudinal relationships between vessel morphology, cerebral perfusion, and white matter lesion burden are uncertain. However, the patterns observed in the The cardiovascular score was cumulative based on each of the following factors: high cardiovascular fitness (top tertile of peak oxygen uptake [Ն110% predicted peak oxygen uptake] or participating in Ն75 minutes of vigorous physical activity per week); not smoking in last 6 months; alcohol intake <8 drinks/week; ambulatory awake blood pressure <130/80 mm Hg; body mass index <25; fasting total cholesterol <200 mg/dL; fasting blood glucose <100 mg/dL; and diastolic blood pressure at peak exercise Յ90 mm Hg. The figure presents a post-hoc comparison between groups of participants who scored 0 to 5 positive factors (n = 47), 6 factors (n = 36), and 7 to 8 positive factors (n = 42). The groupings were defined to approximate tertiles of the combined cardiovascular score.
A, White matter lesion counts for individual participants. The group mean and 95% CI are shown with a point estimate and error bars.
B and C, Participants with 7 to 8 healthier categories of risk factor had a mean vessel density 11% higher than participants with 0 to 5 The observed association between brain vascular measures and modifiable risk factors raises the potential for targeted intervention to prevent progression to disease. Reducing multiple risk factors can change risk trajectories and reduce vascular disease burden, 36 with sustained lifestyle intervention and active blood pressure lowering associated with lower burden of WMH lesions and improved cerebral perfusion. 37,38 These interventions typically achieve 25% improvements in cardiovascular fitness and 10-mm Hg reductions in blood pressure, 37,38 comparable to differences between high and low tertile groups for the cardiovascular scores in this study. However, lifestyle-based primary cardiovascular prevention in young adults requires complex intervention design. A recent systematic review of interventions in young people with hypertension demonstrated that the optimal way to intervene is poorly understood with lack of sustained effect.
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The alternative to lifestyle interventions would be pharmacological treatment. However, in this study group higher blood pressure was associated with reduced vessel density and antihypertensive use was associated with lower cerebral blood flow. Therefore, further work to identify optimal interventions in young adults to maintain autoregulation of cerebral blood flow, while reducing risk, may be required.
Limitations
This study has several limitations. First, a small sample recruited at a single site increases the risk of bias and type I error, while the study may be underpowered to identify subtle correlations with some risk factors. Second, purposive mixed passive and active recruitment strategies mean the sample is not population-based and could be considered similar to a convenience sample. Therefore, it is not possible to generalize expected prevalence of cerebrovascular changes to the wider population.
Third, the study is cross-sectional and causality or even temporality of the observed relationships cannot be inferred. Fourth, the cardiovascular risk assessment would be strengthened by detailed dietary questionnaires, which were not included in this study. Fifth, cerebral blood flow was only available in a subgroup, so the ability to understand interactive effects of modifiable risk factors, vascular remodeling, and perfusion on white matter integrity is limited. Sixth, longitudinal follow-up will be required to determine the clinical significance of the observed findings. As such, this study should be considered preliminary and exploratory but does support a need for future work. The complexity of the imaging protocol and associated financial costs may limit its widespread use, but large multicenter studies with more focused protocols, and extended follow-up, may have the potential to track vascular remodeling and evaluate the influence on white matter and the association with later disease. . Blood pressure was reported as mean of three measures recorded supine after five-minute rest using a size appropriate cuff and an automatic blood pressure monitor (A & D Instruments Ltd., Japan).
Cardiopulmonary exercise test was completed on a stationary cycle ergometer (Ergoline GmbH, Germany) using an incremental exercise protocol. Participants began with a one-minute rest period followed by twominute warm-up at 20 Watts. They were instructed to maintain a rate of 60 revolutions per minute (RPM) throughout the test. To limit total exercise duration to approximately 8-12 minutes the initial workload started at 35 to 75
Watts dependent on self-reported fitness. Workload then incremented 15
Watts per minute. Heart rate was recorded using continuous ECG monitoring, and manual blood pressure was recorded every third minute and at peak exercise. Participants were encouraged to exercise until exhaustion prevented them from maintaining at least 50 RPM or established safety termination criteria were met 3, 4 . Participants reported perceived exertion scores throughout and respiratory exchange ratio was used as secondary criteria to validate peak exercise was reached. Predicted peak oxygen uptake was used to calculate the percentage achieved of predicted peak vo2 . The binary segmentations were used to determine overall vessel density, average caliber and tortuosity. All vessel segmentation results were visually checked to ensure proper quality. Vessel tortuosity was defined by the deviation from the shortest path between two points. This analysis was implemented by identifying the vessel endpoints and bifurcations, calculating the shortest path and the length of the actual centerline between each two connected points. The final tortuosity was then calculated by the ratio and it was averaged over all vessel segments. Cerebral perfusion and arrival time were estimated from ASL images using a previously described analysis pipeline 8, 11 . White matter hyperintensity (WMH) lesions were automatically segmented on FLAIR images with BIANCA (Brain Intensity AbNormality Classification Algorithm) a fully-automated, supervised method for WMH detection 12, 13 . BIANCA classifies the image's voxels based on their intensity and spatial features, where the intensity features were extracted from T2-weighted FLAIR, T1-weighted and DTI fractional anisotropy (FA) images, FA images generated using established DTI tools, FSL topup, FSL eddy and DTIFit [14] [15] [16] [17] . WMH masks were manually segmented from 10 images to use as the training set for BIANCA, these were independently verified by a neurologist (TS) and radiologist (DM). BIANCA probability output maps were all visually checked for quality. Lesion count was selected as the most sensitive outcome of white matter change in this young adult population in which the presence of a single lesion, independent of volume, could be considered abnormal. The minimum lesion size used in analysis was 1 mm 3 .
T1-weighted structural images were processed using FSL 16 to generate gray matter masks which were used to calculate the average cerebral blood flow after linear registration of the ASL MRI to the T1-weighted MRI dataset. Time of Flight (TOF) magnetic resonance arteriogram was used to acquire images of the brain vessels, this was analyzed using automated tools generating binary segmentations to determine overall vessel density, caliber and tortuosity. 3D reconstructions of TOF images that demonstrate segmented brain vessels are provided in column 1 of rows A1 and A2. Three image modalities T2 weighted fluid attenuated inversion recovery (FLAIR), diffusion tensor imaging (DTI), and T1 weighted structural images were used to optimize white matter segmentation and white matter hyperintensity lesion quantification using analysis tools from the Brain Intensity Abnormality Classification Algorithm (BIANCA). BIANCA is a fully automated, supervised method for white matter hyperintensity detection, based on the k-nearest neighbour (k-NN) algorithm. The BIANCA output is a probability map of the likelihood that the voxel being classified is a lesion. The probability map is displayed in column 2 of rows A1 and A2, on a spectrum of orange to yellow, and overlaid on an axial FLAIR image for comparison. Voxels likely to be white matter hyperintensity lesions are in bright yellow. A threshold of 0.9 was applied to define the voxel as lesion or not, which was then fed into cluster analysis to identify individual lesions and quantify white matter hyperintensity volumes. White matter hyperintensity lesions are in bright yellow. In a subgroup of the study population (n=52) pseudocontinuous vessel selective arterial spin labeling (ASL) was acquired to allow the assessment of blood flow to the brain. This provides 2 outputs, a measure of blood arrival time (seconds), and a measure of cerebral blood flow (ml/100g/min) demonstrated in column 3, of rows A1 and A2. The different colours on cerebral blood flow images correspond with the contributing vessels (RICA, right internal carotid artery; LICA, left internal carotid artery; RVA, right vertebral artery; LVA, left vertebral artery.)
A1 and A2 provide a comparison between 2 young adults with visible differences in brain MRI findings that may be associated with differences in the number of healthier categories on the cardiovascular score. Vessel morphology quantified using TOF imaging is presented in column 1, white matter intensity lesion count quantified using BIANCA analysis tools is presented in column 2, and cerebral blood flow measured using ASL is presented in column 3. Participant A1 is a 21-year-old male with BMI of 26, resting blood pressure 144/81 mm Hg, awake ambulatory blood pressure 135/74 mm Hg, 40 minutes of vigorous activity, and 14 hours of moderate to vigorous activity per week measured on trixial accelerometer, nonsmoker with alcohol intake > 8 drinks per week, blood pressure at peak exercise measured 200/70 mm Hg, total cholesterol 178 mg/dL, and fasting blood glucose 77 mg/dL. Participant A1 vessel density measures 6.4 vessels/cm
